Background
Symbiosis describes a continuum of interactions. These interactions range from parasitic, in which the fitness gains of one partner impose costs on the other partner; to mutualistic, in which both partners gain fitness benefits from their interaction. Of these, mutualistic interactions pose the most challenging evolutionary problem [1 -3] , predominantly because opportunities for defection, i.e. switching from mutualistic to exploitative behaviours, can offer substantial short-term fitness benefits [1, 4] . The ready transitions across this parasitemutualism continuum in experimental evolution and in clinical microbes suggest that evolutionary conflict between hosts and symbionts is real [5] . For example, change in ecological factors, such as the nature of symbiont transmission in jellyfish can have dramatic effects on parasitism [6] . Nevertheless, stable mutualistic interactions are widespread, particularly between metazoans and their respective microbiota [7 -11] .
Early theoretical frameworks addressing the evolution of mutualism are based on extensions of Triver's original Prisoner's Dilemma [4] . For microbe -host interactions, the fidelity of partner interactions, such as that maintained by vertical transmission, is known to be important for the evolution of mutualism [3, 6] . In the absence of vertical transmission, the prolonged spatial and temporal association can promote mutualistic symbioses [1, 12] , while imposing punishment or sanctions on defectors can also maintain cooperative interactions between microbial symbionts and metazoan & 2019 The Author(s) Published by the Royal Society. All rights reserved.
hosts [13, 14] . Nevertheless, many microbial symbionts do not have strict vertical transmission [5, 10, 15] and this lack of fidelity creates the potential for defection or increased parasitism.
Protection from parasites or pathogens represents one of the major axes of the parasite -mutualist continuum [16] and there has been increasing interest in these tripartite relationships [17] . However, there have been few experimental evolution studies of symbionts in this context, and theory in this area is still developing [17, 18] . For example, experimental evolution has shown that parasitoids can evolve to overcome microbial-based defenses in aphid symbioses [19] . Additionally, the evolution of protection can rapidly evolve de novo in microbial assemblages in model systems via selection on increased antagonism between bacteria [20] and as a consequence of adaptation to a novel niche [21] . An important next step is to understand how selection on symbionts along this continuum operates in natural assemblages.
In this study, we used a lepidopteran larval host and a symbiotic bacterium, Enterobacter cloacae (Ec), which is commonly isolated from insect intestines and can show commensal, mutualistic or parasitic interactions with hosts [22 -25] . Although recent studies have suggested that Lepidoptera have a transient plant-derived microbiome [26] , Ec forms persistent infections in the midgut [24] . Our experimental pathogen, Bacillus thuringiensis kurstaki (Bt) is a widespread and commonly occurring lepidopteran pathogen [27] . Effective replication of Bt in vivo requires host death and invasion of the haemocoel [28] ; this pathogen disintegrates the gut with pore-forming Cry toxins and quorum-regulated lytic enzymes [29, 30] . Importantly, this disintegration of the gut epithelium facilitates co-invasion of the cadaver by both gut microbes and Bt. The rich fat/protein resources in the cadaver present a short-term fitness gain for other microbes inhabiting the gut. Enterobacter isolates can have a protective effect on Bt infections, reducing mortality by approximately 10% during co-infection in caterpillars [25] and have been shown to have dramatic antagonistic effects on pathogens in mosquito midguts [31] . In contrast to the mutualistic and/or protective role of several gut symbionts [32] , the ancestral Ec in this study slightly increases the risk of mortality from pathogen infections and is mildly parasitic in this experimental system (see below), emphasizing that a parasite/symbiont continuum exists both for pathogen protection and for general impacts on host fitness, otherwise known as virulence.
The prevalence of protective symbioses [16, 32] suggests that there may be barriers or trade-offs that prevent symbionts defecting, or becoming increasingly parasitic. We hypothesized that different pathogen infection outcomes would determine distinct selective pressures on symbioses and reveal these trade-offs. Here, we imposed direct selection on the outcome of a three-way host -symbiontpathogen interaction. We predicted that symbiont transmission from healthy hosts would select for symbionts that protected hosts from infection, or at least for less parasitic symbionts. Conversely, we predicted that transmission from dead, infected hosts would select for increased parasitism in terms of pathogen facilitation. We explored the life-history consequences of symbionts evolved under these divergent infection outcomes, testing the fundamental theoretical expectation that increased parasitism should evolve readily if there is a short-term fitness gain for the symbiont.
Material and methods (a) Study system
Experimental hosts were larvae of a diet-adapted population (Geneva) of the diamondback moth, Plutella xylostella. These were reared gnotobiotically on an autoclaved diet, as described previously [25] and infected with the focal symbiont, Ec str. jjbc, isolated from P. xylostella in an insectary at the University of Oxford. Selection experiments used a spontaneous rifampicin resistant mutant of Ec (Anc3 rif R ), routinely cultured in Lysogeny Broth (LB) containing 100 mg ml 21 rifampicin at 308C. Larvae readily acquire persistent intestinal infections after feeding on inoculated food.
We characterized the impact of inoculation with the Ec ancestor on the growth of larvae on a typical host plant (Brassica oleracea var. Hispi) as well as on artificial diet in order to assess whether these symbionts were mutualistic or parasitic in terms of host growth. Larvae emerging from surface-sterilized eggs [25] were inoculated with Ec on an artificial diet using 1000-fold dilutions of overnight culture (5 ml LB, 150 rpm), or with blank saline (0.45% w/v NaCl) and reared at 248C for 3 days. Thereafter, groups of 10 larvae were weighed, transferred to Petri dishes containing diet (N ¼ 14) or leaf discs (N ¼ 20). All cabbage leaf discs were surfaced sterilized with 2% sodium hypochlorite solution (immersion 40 min, followed by four rinses in sterile de-ionized water) before use. Survival and larval mass were recorded after another 3 days. These assays were repeated (on artificial diet only) after experimental evolution to assess for changes in symbiont parasitism in the absence of pathogens. Here larvae were inoculated with one of two evolved clones per lineage.
Bacterial fitness was measured in competition experiments with a standard Ec mutant (11.1B strep R nal R ) with spontaneous resistance to both streptomycin (50 mg ml 21 ) and nalidixic acid (15 mg ml ), derived by sequential selection for resistance to these antibiotics. The pathogen used in this study, Bt nal R G was derived from the biopesticide product DiPel WP, as described previously [33] and was cultivated on LB with 12 mg ml 21 nalidixic acid. Pathogen inocula were prepared from aliquoted frozen spore preparations, produced in a single batch, and did not evolve in this experiment.
(b) Selection regime
Our selection regime used the outcome of a pathogen challenge to manipulate selection pressures on symbionts (figure 1a). We imposed two treatments in sequential passage: Ec were either recovered from melanized cadavers killed by Bt-'dead passage'; or from the survivors of this pathogen challenge-'live passage' (figure 1a). Thus, we imposed selection on gut symbionts to either increase or decrease infection risk. Treatments were replicated six times; independent lineages are denoted by abbreviations of their passage treatment (live ¼ L, dead ¼ D) and a unique replicate number. The design incorporated between-host competition by pooling cadavers or live larvae in each round of selection, which is expected to favour large microbial population size (figure 1) [34] .
Larvae were inoculated with Ec as above. The pathogen challenge consisted of exposing early third instar larvae to a fresh diet inoculated with 100 ml of 50 -60 CFU ml 21 Bt. Each selection lineage comprised 70 larvae in seven subpopulations of 10 larvae in a 50 mm Petri dish. Ec were recovered by homogenizing larvae/cadavers in 500 ml saline with 4 mm ball bearings using a Qiagen tissue Lyzer and were enumerated by dilution plating. Changes in Ec fitness and life-history traits were assessed after 12 rounds of passage. (ii) Growth in cadavers in the presence of the pathogen
We quantified the ability of evolved Ec lineages to replicate in cadavers in the presence of the focal pathogen. Evolved lineages and their ancestor were grown overnight and mixed in 50 : 50 ratios with Bt. This mixture was diluted by a factor of 2 Â 10 24 and 2 ml injected into body cavities of fourth instar P. xylostella larvae (15 larvae per treatment, weighing ffi 7 mg each), using 10 ml Hamilton syringes. Initial abundance of competitors was confirmed by plating on selective antibiotics. Twenty-four hours after injection, Ec density was measured in 12 cadavers per mixture as above and used to calculate relative growth rates of evolved Ec lineages, the 'Malthusian parameter', i.e. ln (final count)/(initial count).
(iii) Relative fitness in insects
Injection into the haemocoel was used to assess how selection had affected the intra-specific competitive ability of evolved Ec lineages with respect to a common ancestor clone (11.1B strep R nal R ). Here, cadavers were homogenized 36 h after injection, and bacterial densities were quantified using discriminating antibiotics (rifampicin and streptomycin). Relative fitness was calculated using the change in the proportion of evolved lineages with respect to the ancestors,
where x 1 is the initial proportion of evolved lineages and x 2 is their final proportion [35] .
(iv) Growth and population size in the larval gut
We measured symbiont population sizes in the larval gut, in insects reared in even-aged larval cohorts that emerged from eggs within a 24 h period. Larvae were inoculated with evolved lineages and reared in 55 mm Petri dishes as per experiments above. Three days after transfer to a fresh diet, insects were weighed and homogenized in order to score Ec population size per unit insect mass.
(v) Exponential growth
In addition to quantifying fitness and replication in vivo, we also tested for trade-offs in terms of in vitro growth. Cultures in 96 well plates (excluding outer wells) were used to calculate exponential growth rates (Vmax), using a 2 Â 10 27 dilution of an overnight culture as initial inocula. Experiments measured Figure 1 . (Opposite.) Background to the biology of the system and design of selection experiment. (a) Design of experimental evolution of E. cloacae symbionts for protection from infection (live passage) or pathogen facilitation (dead passage). Selection proceeded by infecting insects with the focal E. cloacae symbiont then presenting these insects with a pathogen challenge of Bt at a dose sufficient to kill approximately 50% of larvae. After 5 days of this pathogen challenge, symbionts were recovered from all cadavers in each dish (dead passage) or two to three large healthy fourth instar larvae (live passage) and populations quantified by dilution plating. The experiment ran for 12 rounds of infection (approx. 180 generations in vivo). Each independent replicate comprised seven sub-populations-in both treatments, the three subpopulations with the largest Ec populations were pooled and used to prepare inocula for the next round of infection. (b) The effect of E. cloacae inoculation on growth of diamondback moth larvae on a typical host plant and on artificial diet. Larval relative growth rate was measured as ln(final mass/initial mass) over 3 days. (Online version in colour.)
royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20190236 absorbance (OD 600 ) using a Spectra Max plate reader with read and shake intervals every 5 min for 10 h incubation at 258C. Softmax Pro proprietary software was used to estimate Vmax. Lineages were replicated 10 times in two blocks.
(d) Statistical analysis
Mortality bioassays were analysed with Cox proportional hazards models using the cluster function to account for random effects associated with the selection line. Analysis was carried out in R v. 3.3.2 with the package survival v. 2.4. Analysis of treatment effects on Ec virulence or life-history traits used mixed model ANOVAs with lineage replicate as a random factor in package nlme and treatment (live or dead passage) as a fixed factor.
Comparison of models with different fixed effect structures used likelihood ratio tests after re-fitting models with maximum likelihood. In exploring life-history trade-offs, we used linear models and regression deletion diagnostics (influence.measures and lm.influence in the base R statistics package) to identify outliers with a large effect on model outcomes. In order to test for differences between evolved lineages and their ancestor (which often occurred in the absence of overall treatment effects) models were re-fitted as one-way ANOVAs (with lineage as factor) using generalized linear modelling, with ancestor as the intercept. When lineage explained significant variation, planned post hoc comparisons of evolved strains and the ancestor used default treatment contrasts to compare parameter estimates with respect to the common baseline of the Ec ancestor. Analogous procedures were used to compare mortality rates in survivorship analysis, using post hoc z tests to compare evolved lineages with the ancestor. All analyses were supported by appropriate model checking (homoscedasticity, constant proportional hazards for Cox models).
Results (a) Characterization of study system
Ec is commensal for diamondback moth larvae on a typical host plant but slightly parasitic on artificial diet (diet * infection interaction F 1,63 ¼ 15.1, p , 0.001, figure 1b) . However, experimental evolution on an artificial diet is preferable since this allows for better control of contamination. Throughout the selection experiment, we monitored Ec density in live insects and cadavers harvested during the live and dead selection regimes respectively. Reproductive rate, and therefore the number of generations under selection, was similar in both treatments (electronic supplementary material, figure S1, mixed model with lineage within passage as a random effect, d.f.
(b) Responses to selection for pathogen facilitation and protection
We predicted that selecting for the invasion of dead hosts would lead to pathogen facilitation in our focal symbiont Ec, while selection in surviving hosts would result in increased protection from pathogen attack, or moderation of parasitism. As predicted, lineages in the dead passage treatment substantially increased pathogen-associated mortality relative to the ancestor ( figure 2a, hazard 0 While dead passage strains counterintuitively reduced their ability to replicate in cadavers containing Bt, the competitive fitness of these Ec lineages remained high in the absence of the pathogen ( figure 3a,b) . By contrast, live passaged lineages decreased their ability to grow in the parasitic compartment of the insect haemocoel after 12 passages of being restricted to the gut (linear mixed model, likelihood ratio ¼ 6.64, p , 0.01, figure 3a,b) .
(c) Covariation and potential trade-offs between lifehistory traits in evolved symbionts
We explored the relationship between how symbionts affected pathogen-induced mortality and their ability to replicate in vivo and in vitro ( figure 3 ). There was some evidence for an association for both these life-history traits. Variation in replication rate in vivo, as measured by competitive fitness, could explain nearly 25% of the variation in pathogen-induced mortality risk (R 2 ¼ 0.24), although this was only a near-significant trend figure 3a ). This analysis, however, royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20190236 was strongly affected by lineage L4. Regression deletion diagnostics confirmed that these data point had the greatest influence on the estimation of slope and the highest Cook's distance. Biologically, this lineage was unusual in having slow replication and high virulence (figures 3c and 4) and is an aggressive early colonizer of larvae (electronic supplementary material, figure S3 ). Without the formally influential L4 lineage, competitive fitness was a strong predictor of mortality during pathogen challenge, explaining around 50% of the variation between selected lineages (F 1,10 ¼ 9.90, p ¼ 0.011, figure 3a) .
Exponential growth rate in vitro, by contrast, was associated with decreased risk of mortality during pathogen challenge (figure 3c, F 1,11 ¼ 5.2, p ¼ 0.044). This relationship was not dependent on the highly influential lineage with particularly high growth (after excluding lineage D1-F 1,10 ¼ 12.9, p , 0.01). Although there was no association between competitive fitness in vivo and exponential growth in vitro (R 2 ¼ 0.007), strong phenotypic divergence in either of these traits was associated with altered pathogen mortality risk. We also explored the consequence of selection treatments on symbiont virulence, i.e. the direct impact of Ec on host weight gain and mortality in the absence of the pathogen since virulence summarizes another major axis of the parasite-mutualist continuum. Notably, several lineages evolved in the direction of increased mutualism. Here, there was no
331 ¼ 7.7, p , 0.001). Final insect weight was negatively correlated with the level of mortality imposed by Ec infection (F 1,11 ¼ 10.1, p , 0.01, figure 4) showing evidence of consistent variation in two measures of virulence. Since host weight was strongly correlated with Ec population size (electronic supplementary material, figure S4 ), the fitness gains associated with moderated virulence are likely to arise via group size (e.g. for D5). Increased competitive ability did not appear to be a consistent driver of altered virulence since increased (L4) and decreased virulence (D5) were both associated with reduced competitive fitness.
Discussion
The focal symbiont Ec clearly responded to the selection for increased parasitism: lineages passaged in hosts that repeatedly succumbed to infection increased the risks of subsequent infections and pathogen-induced mortality. However, there were several phenotypic changes accompanying increased parasitism that could act as a constraint. Foremost of these was that facilitating pathogen invasion led to symbionts being less able to grow in the cadaver produced by that pathogen. Since reduced ability to exploit cadavers was associated with the presence of the pathogen and not the loss of ability to grow in insects generally, this reduced growth can be attributed to a reduction in ability to compete interspecifically with Bt.
Although counterintuitive, this result fits well with earlier studies, i.e. if blocking pathogen invasion is associated with increased antagonistic competition between symbiont and pathogen [20] , then it should not be surprising that facilitating pathogen invasion is associated with decreased competitive ability. In others words, there is a fundamental trade-off between aiding pathogens and competing with pathogens, it was not possible to do both well. In addition, facilitating pathogen invasion imposed an additional tradeoff in terms of reduced in vitro growth rate of Enterobacter. Many intestinal microbes of insects also need to persist and grow in other niches, such as those on plants [36, 37] . A reduced replication rate outside the host is therefore likely to have some negative fitness consequences. In short, in this symbiosis, it was possible to force the evolution of a symbiont toward increased parasitism along the axis of pathogen facilitation/protection. However, increasing parasitism along this axis might not happen as readily as theory predicts [3, 6] , as helping pathogens was associated with two important negative consequences that are likely to constrain phenotypic change in natural systems.
While we saw the predicted increase in pathogen facilitation, attempts to select for increased mutualism did not produce improved pathogen protection, in contrast to previous work [20, 21, 38] . Other Enterobacter isolates have also shown some protection of larvae from Bt infections, suggesting that the evolution of protection is biologically plausible [25] . In addition, the number of generations of selection experienced in the live and dead treatments was very similar. In contrast to other experimental evolution studies, adaptation to the host in terms of increased group size or competitive fitness did not correlate with increased pathogen protection [21] . In fact, increased competitive fitness tended to be associated with royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20190236 pathogen facilitation rather than protection, making the evolution of protection potentially very costly, although evidence for the relationship is weaker than for other trade-offs seen in this study.
One additional explanation arises from the biology of the main virulence factors (the Cry toxins) in B. thuringiensis. The production of Cry toxins occurs at sporulation after Bt has killed and invaded hosts. Cry toxin production is therefore important for infecting the next host, rather than in the current infection [39] . Importantly, host mortality is largely determined by how much Cry toxin is ingested [40] . Germination and growth of the pathogen in the gut does affect mortality, and this can be shown experimentally by giving insects antibiotics [25] . However, the quantity of spores is less important than the quantity of Cry toxin [40] . Therefore, even if symbionts are able to suppress the growth of Bt in the gut, this may not substantially affect infectivity. While Bt is unusual in the extent to which it can pre-package virulence factors, a number of gut pathogens have evolved mechanisms, such as the use of prophage, which enable them to be resilient to competition [41, 42] . We would predict that antagonistic interactions between symbionts and pathogens are more likely to protect hosts [20, 43] when replication of the pathogens is important in establishing infections.
Both live and dead passaged symbionts increased their population sizes in the gut of host larvae in both selection treatments. This consistent response in group size was no doubt facilitated by imposing group-level competition during selection [34] , although it is important to note that here increases in group size were not typically associated with altruistic or individually costly phenotypes. Different selection treatments, however, responded to selection very differently in terms of competitive fitness in the haemocoel. Here, live passaged symbionts, free of selection in the haemocoel for 12 rounds of infection significantly reduced their ability to exploit this compartment. Specialization to exploit different host compartments can evolve rapidly in commensals and pathogens. For example, the forced passage in a novel gut environment led to a specialized phenotypic change in fungi [21] . Similarly, an evolutionary change associated with a switch to bacteraemia (virulent replication in the blood) has occurred via few genetic changes in Staphylococcus aureus and Bacillus anthracis [44, 45] . In B. anthracis, this is associated with reduced expression of toxins or quorum-regulated virulence factors known to be important for infections arising from the gut [29] . In this study, loss of ability to grow in the insect haemocoel suggests that the ancestral Ec isolate is a genuine opportunist pathogen, implying that regular exposure to the parasitic niche of the haemocoel may have been a feature of its evolutionary history.
Experimental evolution also led to phenotypic shifts along a second axis of the parasite-mutualist continuum (virulence or mortality and host growth). The change along the directly selected axis of pathogen protection was largely predicted. However, effects on symbiont virulence were not under direct selection, and mutations affecting host mortality or growth could have been favoured in either treatment. Therefore, it was unsurprising that virulence evolved in ways that were independent of our selection regime. Nevertheless, the variation that evolved in this study reflects variation in the field [23] and presented several informative patterns relating to shifts in virulence. For example, the evolution of moderated virulence occurred in several lineages, while increased virulence occurred in one lineage only. As with the pathogen protection axis, increased parasitism in terms of virulence could have negative consequences, here most obviously in terms of reduced symbiont population size in smaller hosts, a factor expected to limit production of infectious propagules and ongoing transmission [46 -48] .
In conclusion, then, the evolution of increased exploitation is possible over short timescales in naturally occurring insect symbionts. However, the biological details are important here. There appear to be fundamental dichotomies in terms of both facilitating pathogens and also competing with them; while it is also difficult to increase host mortality without impacting host growth rate. These fundamental trade-offs may constrain parasitic strategies in insect symbionts and favour longterm commensal or mutualistic associations. Thus, additional features such as partner choice, vertical transmission or policing are not necessarily required to enforce prudent or mutualistic behaviour, especially if traits such as host protection arise indirectly as a consequence of niche occupation or via antagonistic interactions with invading microbes.
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